The chloroplast genome of most land plants is highly conserved. In contrast, physical and gene mapping studies have revealed a highly rearranged chloroplast genome in species representing four families of ferns. In all four, there has been a rare duplication of the psbA gene and the order of the psbA, 16S, and 23S rRNA genes has been inverted. Our analysis shows that the described rearrangement results from a minimum of two inversions within the inverted repeat. This chloroplast DNA structure provides unambiguous evidence that phylogenetically links families of ferns once thought to belong to different major evolutionary lineages.
The chloroplast DNA (cpDNA) of most land plants is a circular molecule 120-160 kilobases (kb), which codes for 120 genes and typically contains an inverted repeat (IR). These repeated sequences range in size from 9.4 to 76 kb, code for several genes including those for 16S and 23S rRNA, and are separated by small single copy (SSC) and large single copy (LSC) regions (1-3). Gene order is remarkably similar in the cpDNAs of the fern Osmunda, the gymnosperm Ginkgo, and many angiosperms and differs from that in the bryophyte Marchantia primarily by a 30-kb inversion (4) (5) (6) . This 30-kb inversion places the psbA gene close to the IR in Osmunda and in most gymnosperms and angiosperms (3, 4) . The rRNA genes are part of an operon typically oriented with the 16S gene nearer to the LSC region and the 23S gene closer to the SSC region (Fig. 1A) . Structural changes (such as gene duplications, gene losses, and inversions) are relatively rare and have been documented mainly in angiosperms (refs. [7] [8] [9] [10] , but see ref. 11) .
In this report, we describe the chloroplast genome shared by several ferns and show that it differs considerably from the typical structure detailed above. These differences provide molecular evidence about the evolutionary relationships of these ferns, which have been in dispute, and demonstrate that the chloroplast genomes of groups other than angiosperms have been markedly changed during evolution. Evidence concerning relationships at higher taxonomic levels is especially needed in ferns in which different phylogenies based on morphological characters are not concordant (12) (13) (14) (15) . Reasons for these discrepancies include (i) the use of narrative methods of phylogenetic analysis where the line of reasoning and the characters used are not made explicit, (ii) difficulties in identifying homologous parts in structurally simple organisms, and (iii) problems in determining the primitive or advanced states ofcharacters. The latter situation arises from the paucity of evidence from the fossil record (15) (16) (17) and the difficulty in choosing appropriate outgroups for many extant taxa due to the antiquity of ferns and the loss of many potential outgroups through extinction.
MATERIALS AND METHODS
Leaves of Polystichum acrostichoides (Michx.) Schott were collected in western Massachusetts and a voucher specimen (Sprague in 1986) was deposited at the Dean Herbarium of Indiana University. Leaves of Cyathea furfuracea Baker were collected in Puerto Rico and a voucher specimen (Conant 4325) was placed in the Lyndon State College Herbarium.
cpDNA or total DNAs (primarily nuclear and chloroplast) were isolated from P. acrostichoides and C. furfuracea as described (18, 19) . The methods of blot preparation and hybridization are similar to those of Palmer (20) and are detailed elsewhere (21) . Briefly, single and double digests of 41.5 ,g of the total DNA from Polystichum were made with Pst I and Stu I and those from Cyathea were made with Sph I and Pvu II according to the manufacturer's instructions. DNA fragments were separated on 0.7% agarose gels and transferred by dry blotting to Zetabind membranes (Cuno). Cloned cpDNA fragments used as probes for physical mapping and gene localization included lettuce (10) , petunia (9) , tobacco (22) , a 3' fragment of the pea psbA gene (supplied by J. D. Palmer), Adiantum (23) , and Polystichum (see below). The probes with their vector were labeled with 32P by nick-translation and were hybridized to replica blots for 40 h at 55°C. After extensive washing, homologous fragments were visualized by autoradiography.
Purified cpDNA fragments from Polystichum were shotgun cloned into the Pst I site of pUC19 and all but two of the fragments 1 kb or larger were successfully cloned. These fragments were also hybridized to mapping blots to verify conclusions based on the use ofheterologous probes. cpDNA from Cnemidaria horrida (L.) Presl X Trichipteris procera (Willd.) Tryon visualized by hybridization with the more heterologous probe DNAs.
Details of the materials and methods used for Adiantum and Pteridium have been described (23, 24 1B-E) demonstrate that a gene duplication and a unique structural rearrangement of the IR has occurred in all four species. The psbA gene is located in the LSC of Osmunda (and Ginkgo and tobacco) adjacent to the IR (side A), but it has been duplicated in these four fern taxa. These duplicated psbA genes have been moved from their original site at the LSC/IR border to a position within the IR closer to the SSC ( Fig. 2A) . In addition, the positions of the 16S and 23S rRNA genes have been reversed so that the 16S rRNA genes now are nearer the SSC region. Our analysis suggests that the psbA gene became duplicated through growth of the IR and that a minimum of two inversions followed (Fig. 2B) .
Our results are unusual in several ways. First, duplication of the entire psbA gene is a very rare event in the chloroplast genomes of land plants. We are unaware of its occurrence in the IR in any angiosperm, even in geranium (25) where extreme expansion of the IR duplicated over 10 protein genes and created the largest IR yet known (76 kb). Indeed, in angiosperms the psbA gene appears fixed in position near the IR border even when the IR varies from 10 kb in coriander to 76 kb in geranium (3). Unrelated psbA duplications have been demonstrated in two other groups of land plants-the Gnetales (11) and two pine species (26) . Second, the two inversions observed in these fern cpDNAs are both located in the IR, whereas the SSC and the remainder of the LSC regions appear colinear to typical angiosperm cpDNAs. This pattern differs from the situation in most angiosperms in which the rare inversions that have been characterized are typically located in the LSC region rather than the IR.
It has been noted (3, 10) that a surprising number of rearrangements have one end point in the vicinity of the psbA gene. Some examples include the 30-kb inversion that brought the psbA from its location in Marchantia to near the IR (5, 6) , the inversions in the Asteraceae (9, 10), mung bean (7) , and the Poaceae-e.g., wheat and rice (27, 28) . It is intriguing that a duplicated psbA fragment (40 base pairs) is associated with the extreme rearrangement found in peai.e., the loss of the IR (29) . There appears to be something about the region near psbA (=5 kb) that is prone to recombination. It may be the direct repeats to either side of psbA (30, 31) , the hot spot for additions and deletions at the junction of the LSC and IR A (32) , and/or the large gene-free sequences that exist between psbA and atpA (10) . One capillus-veneris cpDNA are Pst I (e) and EcoRV (A). Tobacco fragments that do not hybridize to Adiantum fragments (*). Similar hybridizations with tobacco clones gave the same pattern of homology with C. furfuracea and P. acrostichoides. Pea and spinach gene probes for the psbA and the 16S and 23S rRNA genes revealed the same gene order in the IR of P. aquilinum. (B) Model for the structural changes that produced the cpDNA rearrangement found in the common ancestor to Adiantum, Cyathea, Polystichum, and Pteridium. The structural changes are shown in terms of tobacco fragment numbers. The 23S ribosomal gene is on tobacco fragments 34 and 35, the 16S ribosomal gene is on fragment 33, and the psbA gene is on fragment 2.
Step 1, growth of theIR encompassed the psbA gene resulting in its duplication via copy correction; step 2, a small inversion brings the psbA gene farther into the IR; step 3, a large inversion rotates a large segment of the IR bringing the psbA gene close to the SSC and inverting the order of the 23S and 16S ribosomal genes. Tobacco fragments that do not hybridize to Adiantum fragments (*). Inversions were mapped with the cloned tobacco fragments shown for Cyathea and Polystichum, with a combination of tobacco fragments and gene-specific probes for Adiantum and with gene probes for Pteridium. Steps 1 and 2 could have occurred in the inverse order; however, the resulting rearrangement would be the same. intramolecular pairing of the IR while copy correction is occurring. However, the region near psbA has been the site of inversions even when psbA is not located near the IR border. Examples include the inversion in a Marchantia-like genome that brought psbA to the border of the IR (5, 6, 11) and two inversions in Isoetes; both of these have one end point near psbA that is located at some distance from the IR border (L. Raubeson, personal communication). Since the psbA area appears to be recombinogenic, duplicating this site and making it part of the IR might be responsible for the enhanced number of rearrangements observed. The inversions seen in the atypically large IR of geranium (25) apparently have a different origin as they seem related to the most extensive family (in size and number) of dispersed repeats thus far documented in land plants and this genome does not contain a duplicated psbA gene.
Spreading of the IR to include psbA seems likely, therefore, to have been the first mutational event; our mapping suggests that two inversions followed (Fig. 2) . The first rotated psbA a small distance within the IR. A subsequent larger inversion of one copy of the IR rotated the 23S-16S-psbA gene order (Fig. 2B) . Copy correction could quickly have produced the same order in the second repeat unit each time. Large changes experimentally induced in the inverted repeat of Chlamydomonas rapidly became identical in both repeats (33) . Given the rarity of structural rearrangements, the likelihood of the gene order described for these fern species occurring through parallel changes is vanishingly small. There is no known example of inversions in the cpDNA that are homoplasious. Therefore, taxa sharing this cpDNA organization are likely to be derived from a common ancestor.
Ferns are the second most diverse group of vascular plants alive today, with perhaps 9000 species (17); yet their systematic and phylogenetic relationships remain the subject of much controversy. Some very distinctive groups, such as the Osmundaceae, are well represented in the fossil record and clearly exemplify evolutionary lineages that diverged from other ferns nearly 300 million years ago. The great majority of fern taxa, however, are not as distinctive as the Osmundaceae, are not well represented in the fossil record, and their evolutionary history remains poorly understood. Although most phylogenies recognize three main evolutionary lineages (13, 14, 34) of higher ferns (Fig. 3) , there are few shared, derived characters (synapomorphies) that support the existence of these clades or that relate these lineages to each other. Indeed, there is often no attempt to link these groups in a number of recently published phylogenies ( Fig. 3B; refs. 14, 15, and 34) . This demonstrates the degree of uncertainty that exists concerning the phylogenetic relationships of ferns and shows the need for discrete, derived characteristics that can be used to determine how ferns are related.
The occurrence of the cpDNA structure described above, which is common to four families of ferns, has several important phylogenetic implications. It is now possible to demonstrate the relationship of fern families based on the presence of a conservative, shared derived character. The presence of this cpDNA rearrangement in the Adiantaceae, Cyatheaceae, Dennstaedtiaceae, and Dryopteridaceae provides strong support for their common origin, a more recent origin than that shared with Osmunda. These data demonstrate that the phylogenies of Wagner (Fig. 3A) and Bierhorst ( Fig. 3C) can be correct but that the phylogeny of Holttum (Fig. 3B ) cannot unless lineages 1 and 3 share a more recent common ancestor with each other than either does with lineage 2. Furthermore, with this new character, we can predict that if the Adiantaceae are derived from the Schizaeaceae, as suggested by many authors (refs. 13-15, 34, and 35; Fig. 3 ), then the cpDNA rearrangement described above must also be present in the Schizaeaceae. Our findings support the view that the Adiantaceae belong to the same lineage that led to the Cyatheaceae, Dennstaedtiaceae, and the Dryopteridaceae as suggested by Bierhorst (ref. 12;  Fig.   3C ).
These results indicate that the described changes in the IR occurred in the evolutionary lineage that was ancestral to these families after its divergence from the lineage leading to the Osmundaceae. It is possible, from a consideration of the fossil record, to identify the boundaries of the time period when these molecular events probably occurred. Since the evolutionary lineage leading to the modern Osmundaceae dates back to the Permian (36), the divergence of this lineage and the one leading to the four derived taxa must have occurred, at the latest, by the Permian. Cyatheaceous stems are known from upper Jurassic deposits (37) , and Adiantaceae, Dennstaedtiaceae, and the Dryopteridaceae are re- ,and for this reason the families are included in the same box. He also placed the genus Pteridium in the Adiantaceae (Pteridaceae) rather than in the Dennstaedtiaceae. Some taxa not relevant to the data being presented have been omitted in order to simplify each phylogeny.
ported from the Tertiary (16) and probably go back as far as the Cretaceous (G. Rothwell, personal communication). This indicates that the most recent common ancestor of these four taxa dates back at least to the Tertiary, probably to the Cretaceous, and possibly as far back as the upper Jurassic. Therefore, it appears that the gene duplication and the inversions of the IR found in these ferns are ancient events.
In summary, we have documented a duplication of the psbA gene and the unusual gene order of SSC, psbA, 16S rRNA, 23S rRNA, and LSC present in certain higher ferns. Thus this report describes multiple structural rearrangements of the chloroplast genome that have served to phylogenetically link plants at the familial level. Moreover, the cpDNA rearrangements described in this report illustrate that chlo-FERNS roplast genomes in ferns are not solely represented by the ancestral cpDNA structure such as that retained by Osmunda and many members of the most derived group of land plants-the angiosperms (Fig. 4; ref. 38 
